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INTRODUCTION
Roman baths of the Early Empire were in the forefront of developments both architecturally and technologically and thus make a very interesting study in their own right. This point has been brought out and ably developed by Yegul2 and Nielsen. Vaults, domes, and large windows were first found in these baths, where Greek orders were also first combined with Roman vaults. Hypocausts were developed and used to heat large rooms and, indeed, to heat the imposing ensembles of large rooms that the great imperial baths represented. According to Yegill, Seneca speaks of the recent invention of tubuli, or hollow walls, which maintain an even temperature in the lowest as well as the highest spaces. This invention also prevents condensation on the walls and increases the area that radiates heat around the bathers. In these large evenly heated spaces, thousands of bathers could be and often were accommodated. To supply sufficient water, extensive aqueduct systems were developed. Furthermore, as Yegill maintains, and is shown in a detailed fashion by D.B. Harden, the Romans by this time had developed glassblowing and were producing flat panes of window glass.4 Thus, with all of these elements in hand, it is not surprising that the Romans would have utilized the radiant energy of the sun to help heat as well as light these magnificent buildings.
Indeed, so obvious is the Romans' interest in solar heating through their use of large south-facing windows that in 1956 Edwin Thatcher published a paper in which he claimed that the large windows In full admiration of the system's potential, I still doubt if the implications of radiant heating should be stretched that far. Not only is the evidence for window glass and window frames (both in wood and metal) from the heated rooms of Roman baths across the Mediterranean overwhelming, but Thatcher's thesis, despite its theoretical possibility, seems to refute the precepts of simple economic logic. It may be that by heating the floor, the walls, and the vault to a high degree, sufficient radiant energy could be released to offset the effects of low air temperature on a cold winter day, but why should fuel and energy be wasted in order to make an open-air hot bath possible when the same degree of warmth and comfort could be achieved with much lower furnace activity and fuel consumption in a glazed and well-insulated room?6 This question is also raised by Jordan and Perlin in an article about the use of solar energy in ancient times.7 They claim that by the first century B.C., Rome had to import timber from the fringes of its domains, such as the Alpine regions, in part because of the Roman love of bathhouses-there were 800 baths in Rome alone in the third century A.D.-but also because of the growth of industry and manufacture. As they point out, "prices of wood, charcoal, and small firewood rose steeply. To avoid the growing shortages and expense, the Romans, like the Greeks before them, turned to solar heat."8
DID THE ROMANS USE GLAZING?
The Forum Baths in Ostia were constructed early in the second century A.D. There is no controversy about the existence of large windows in several of the rooms of these baths. These windows faced the south and hence would intercept the sun's beam radiation most of the day, particularly from early afternoon to near sunset, which were the most popular hours for Romans to bathe. These rooms indeed are typical of baths built during this period in many parts of the empire.
Thatcher gives attention to the whole set of largewindowed rooms but for our purposes let us concentrate on one, room 4, which seems to have been a warm room, or tepidarium. Figures 1 and 2 show the southern elevation and north-south section, respectively, of this room and its window. The dimensions are those given by Thatcher.
The question is whether or not the walls, vault, and floor surrounding the nude bather on all but the window side can be maintained at a high-enough temperature to ensure comfort. Thatcher approaches the issue from the standpoint of the nude bather exposed both to the radiant energy of the sun and that given off by the surrounding heated room surfaces, holding that radiant energy, if the walls are maintained at close to skin temperature, can by itself establish a comfortable temperature. My approach, on the other hand, is to assume that comfort will be determined by conditions in the room, both the air temperature and the radiant temperature being considered along with air currents, or convective flows, and the relative humidity of the air as prescribed by the American Society of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE).9 Comfortable conditions for nude subjects have been studied carefully in climate chambers. An example of one such study, which also shows the importance of heat transfer at the skin surface, is that of de Dear, Ring, and Fanger."1 Also of importance is the air flow over the skin. This too has been studied and reported on by, for example, Fanger and his colleagues. through the open window, and if we assume 4000 F we are estimating the maximum heat flow in and thus giving Thatcher the best chance of being correct. As does Thatcher, I too assume that the floor and inside wall surfaces are held at -1000 F, including the inside of the vault, which, although unheated by tubuli, by convection and radiation will be at nearly 1000 F if the walls are also at this temperature. Note that temperatures of 700 F for these surfaces will cause the nude bather to radiate heat to them as well as losing heat to them by convection (and conduction if in contact with them). These will not be warm conditions for him but rather ones somewhat on the cool side. The thermal properties of the materials, i.e., conductivity and coefficients of heat transfer for radiative or convective flow, can be found in the appropriate part of the ASHRAE Handbook. using the solar designer's formulas.'" Natural rather than forced convection is assumed, i.e., there is no wind blowing. With wind the convective flow is greater, and could be much greater at high-wind velocities. Under such circumstances we can expect only to estimate these flows. Even with these rough estimates, however, some important conclusions can be reached. The estimates for glazed and unglazed windows are given in table 1 above. The details of the calculations follow in an appendix.
RESULTS AND DISCUSSION
The results of the calculations summarized in table I and in the appendix indicate that with an open window the input is -530,000 BTU/hr while the outflow is -5,290,000 BTU/hr. In such a case it is obvious that equilibrium is not possible and that the 100' F surfaces will rapidly cool toward 300 E The same would be true for a nude bather whose skin temperature normally should be -930 E Indeed the outflow would equilibrate with the inflow only when the wall and floor surfaces are within 100 F or less of the outside temperature, i.e., at _ 400 E On the other hand, if the window is glazed the heat from the hypocaust (400,000 BTU/hr) would be much more than adequate to provide the outward flow (80,000 BTU/hr) in radiation, conduction, and convection through the glazed window and in conduction through the vault. The sun alone on sunny days could provide most of the energy to maintain 100' F temperatures. Indeed, even with the fires reduced on sunny days, there would probably be some thermal energy stored in the floors and walls that would maintain the temperature as the sun goes down. On days when the sun is obscured by clouds, the hypocaust with a reduced fire, or being on only part of the time, could by itself easily maintain the temperature even with the outside temperature at its coldest point of the season, i.e., the design temperature of 300 E The stored thermal energy, which may come from either the sun or the hypocaust or both, can be handled quite easily by the heavy masonry walls, vault, and floor of this room. With such surroundings extra heat in the room can pass readily by conduction into the masonry without heating the air in the room excessively, i.e., much above 100 .E At night, when the sun is down (even with the fire out), this stored heat will flow back into the room to offset the cooling that inevitably will occur. Note that wooden shutters closing the window area at night would enhance this storage considerably. believed, flowed from north to south, or vice versa, across the room; in the north wall they passed through the door, cracks around the door, or the lunette at the top of the vault, and in the south wall, through the upper part of the window. This assertion seems incorrect because a wind blowing in, or eddying through the southern window, will not nullify the convective effect. Rather it will cause a change from natural convection to forced convection, changing and distorting the geometry of the convective loop and, as a result, increasing the mixing of cold and hot air and thus increasing the heat loss above that caused by natural convection alone. The net result would be to set the 52.5 x 105 BTU/hr heat loss calculated above as a minimum value and in windy situations to expect this loss to be even greater with the concomitant effect of an even faster lowering of the bath temperature, more quickly chilling the nude bather. Note that the natural convective flow calculated here is only a rough estimate. But it is about 10 times the inflow so that even if it is overestimated by a factor of two, it still will be many times greater than the inflow. With wind, it will be even greater than calculated here.
Finally, to return to Yegiil's point, the estimates of heat flows here show not only that nude bathing in Roman baths would not have been possible without glazing but also that with glazing during sunny days, the sun with only a little help from the hypocaust and its furnaces, and hence little wood burned, could have maintained the temperature of these room surfaces at -100' E Furthermore, on cloudy days the hypocaust with only a low or intermittent fire would have been able to sustain this temperature. And even at night the large thermal storage capacity would have kept temperatures from dropping very fast so that by the next morning the amount of heat necessary to return to -1000 F might have been relatively small. Thus with a normal mix of sunny days, a considerable savings of fuel could be accomplished even in the depths of winter. At other seasons even more savings could be expected. The sun would therefore provide a substantial part of the heat required. This result, of course, is in accord with Jordan and Perlin's observations about the increasing cost of fuel during this period of rapid growth of Roman industry, commerce, manufacture, and population. Fuel costs would have provided a strong incentive for using glazed windows and the sun's energy.
In summary, the Romans apparently did display considerable know-how in the design of their baths when judged by the standards and practices of modern science and technology 2,000 years later.
Thatcher, it seems, was too sanguine about radiant heating but, nevertheless, the Romans deserve high praise for their use of solar energy. Even Seneca, no admirer of conspicuous consumption and easy living, might have admired the frugality that the combination of "the widest of windows" and glass panes in baths demonstrated.
